A multifunctional microRNA, miR-155, has been recently recognized as an important modulator of numerous biological processes. In our previous in vitro studies, miR-155 was identified as a potential regulator of the endothelial morphogenesis. The present study demonstrates that in vivo inhibition of miR-155 supports cerebral vasculature after experimental stroke. Intravenous injections of a specific miR-155 inhibitor were initiated at 48 h after mouse distal middle cerebral artery occlusion (dMCAO). Microvasculature in peri-infarct area, infarct size, and animal functional recovery were assessed at 1, 2, and 3 weeks after dMCAO. Using in vivo two-photon microscopy, we detected improved blood flow and microvascular integrity in the peri-infarct area of miR-155 inhibitor-injected mice. Electron microscopy revealed that, in contrast to the control group, these animals demonstrated well preserved capillary tight junctions (TJs). Western blot analysis data indicate that improved TJ integrity in the inhibitor-injected animals could be associated with stabilization of the TJ protein ZO-1 and mediated by the miR-155 target protein Rheb. MRI analysis showed significant (34%) reduction of infarct size in miR-155 inhibitor-injected animals at 21 d after dMCAO. Reduced brain injury was confirmed by electron microscopy demonstrating decreased neuronal damage in the peri-infarct area of stroke. Preservation of brain tissue was reflected in efficient functional recovery of inhibitor-injected animals. Based on our findings, we propose that in vivo miR-155 inhibition after ischemia supports brain microvasculature, reduces brain tissue damage, and improves the animal functional recovery.
Introduction
Stroke-induced cerebral endothelial injury and inflammation impair endothelial function and thus increase cerebrovascular permeability and blood-brain barrier (BBB) leakage, leading to primary and secondary ischemic brain injury (del Zoppo et al., 2003; Brouns et al., 2009 ). Functional recovery is highly dependent on the effective restoration of blood supply to the damaged but viable peri-infarct area (Navaratna et al., 2009 ). Therefore, extensive investigation has been concentrated on poststroke vascularization with the aim of promoting the recovery process (Xiong et al., 2010; Chen et al., 2014) .
Ischemic stroke induces significant changes in the gene profile of the neurovascular elements (Carmichael, 2003; Liu et al., 2007) . microRNAs (miRNAs) are recently identified short mRNA-interfering molecules that regulate gene expression and thus significantly influence essential cellular processes (Kato et al., 2008; Fabian et al., 2010) . miRNAs control posttranscriptional gene expression in many tissues, including the brain; are highly expressed in the vasculature; and serve as critical modulators for vascular cell functions (Suárez et al., 2007; Costa et al., 2013; Pecot et al., 2013) . Considerable changes in miRNA profiles are associated with stroke at different perfusion times after experimental ischemia Liu et al., 2010) . Our previous studies demonstrated that miR-155 negatively regulates proangiogenic signaling pathways in mouse brain endothelial cells. Inhibition of miR-155 significantly enhanced, whereas overexpression significantly inhibited, in vitro endothelial morphogenesis (Roitbak et al., 2011) . We therefore speculated that miR-155 could also coordinate vascular functions in vivo.
miR-155 has been implicated in regulating various physiological and pathological processes such as hematopoietic lineage differentiation, immunity, inflammation, cancer, and cardiovascular diseases (Faraoni et al., 2009; O'Connell et al., 2010) . miR-155 is specifically expressed in hematopoietic cells and cells involved in vascular remodeling, including B cells, T cells, monocytes, and granulocytes, as well as endothelial cells and smooth muscle cells (Landgraf et al., 2007; . miR-155 regulates the development of inflammatory T cells and promotes tissue inflammation. Specific inhibition of this miRNA is accompanied by reduced inflammation, which makes it a promising therapeutic target in proinflammatory conditions (KurowskaStolarska et al., 2011; Murugaiyan et al., 2011) . Among other functions, miR-155 is significantly associated with endothelial and vascular function: its specific inhibition results in increased endothelial nitric oxide synthase (eNOS) expression and nitric oxide (NO) production and reduction of vascular inflammation, whereas overexpression alters endothelial cell morphology and impedes endothelial cell migration Weber et al., 2014) . miR-155 Ϫ/Ϫ mice also exhibit accelerated wound healing processes, thus demonstrating an increased regeneration capacity (van Solingen et al., 2014) . Interestingly, miR-155 is among the miRNAs significantly affected by cerebral ischemia .
Systemic administration of the miRNA inhibitors and mimics to regulate the activity of specific miRNAs had recently been identified as attractive target for therapeutic intervention (Linnstaedt et al., 2010; . In vivo regulation of miRNA activity is expected to provide a future therapeutic potential for the treatment of cancer and cardiovascular and diseases (Shi et al., 2010; Moon et al., 2013) ; delivery of synthetic miRNAs and miRNA inhibitors to tumor tissue is already used in animal studies (Takeshita et al., 2010; Wiggins et al., 2010) .
A subacute phase of ischemia is associated with postischemic vascular remodeling (Ding et al., 2008; Beck et al., 2009 ) and our aim is to find a way to promote this natural regeneration process. The present investigation introduces a novel approach to cerebral regeneration: regulation of the vascular functions and overall recovery through direct modulation of specific miRNA activity.
Materials and Methods
Animal groups. The experimental procedures were performed in accordance with the University of New Mexico Office of Animal Care Compliance. All institutional and national guidelines for the care and use of laboratory animals were followed. Two-month-old C57BL/6 male mice (Jackson Laboratories) were used in our experiments. In total, 120 mice were subjected to the experimental cerebral ischemia; 59 were used for the in vivo evaluation of cerebral blood flow and capillary density and permeability and 22 were used for MRI-based evaluation of the brain injury and cerebral perfusion. An additional 20 mice were used for the pilot studies to assess the efficiency of miR-155 in vivo inhibition and for sham surgeries. A total of 50 mice were used for the concomitant behavioral studies. Experimental groups included intact mice, sham-operated mice, mice subjected to distal middle cerebral artery occlusion (dMCAO) and specific miR-155 inhibitor injections (Inhibitor group), and mice subjected to dMCAO and control (scrambled) miRNA inhibitor injections (Control group).
dMCAO procedure. dMCAO was used as an experimental model of cortical ischemia (Kuraoka et al., 2009; Pena-Philippides et al., 2014) . This model produces an infarct in the frontal and parietal cortex, which over time progresses into adjacent temporal, frontal, and cingulate cortex. In addition to its high reproducibility and survival rate, the advantage of this model is that it produces a smaller infarct comparable to human stroke (Carmichael, 2005) . In addition, dMCAO induces mostly cortical ischemia and thus represents a convenient model for in vivo imaging, which is limited by its depth penetration capacities. dMCAO was performed on 2-month-old male C57BL/6 mice (Jones et al., 2008; Kuraoka et al., 2009 ). The mice were anesthetized using isoflurane gas (induction dosage 2-3%; maintenance dosage 1.5-2%) and a mixture of O 2 :N 2 O gases in the ratio 2:1 delivered during the surgery. The middle cerebral artery (MCA) was exposed via a transtemporal approach (Jones et al., 2008; Kuraoka et al., 2009) . A small burr hole (located 1 mm rostral to the fusion of zygoma and squamosal bone and 3 mm ventral to the parietal bone) was made on the left side of the skull surface and the MCA was coagulated with low-heat electrocautery (Bovie Medical). In shamoperated animals, the MCA was exposed but not coagulated.
miRNA inhibitor injections. Our study used a novel, second-generationspecific inhibitor for miR-155, which has been recently developed by Exiqon. Specific miRNA inhibitors are designed using novel locked nucleic acid (LNA) technology, which greatly increases the affinity of the inhibitors for their target miRNAs and improves their resistance to enzymatic degradation. These features are especially important for the in vivo studies because the oligonucleotides have high knock-down efficiency at low concentrations, which reduces the risk of negative and off-target side effects. Injections of a specific anti-miR-155 miRCURY LNA inhibitor or control inhibitor (scrambled oligonucleotide) from Exiqon were initiated 48 h after dMCAO and performed for 3 consecutive days. Oligonucleotides were introduced via mouse lateral tail vein; the dose was 10 mg/kg in saline, total injected volume was 100 l.
In vivo two-photon laser scanning microscopy. In vivo two-photon laser scanning microscopy (2PLSM) was performed 7, 14, and 21 d after dM-CAO as described previously (Kleinfeld et al., 1998; Bragin et al., 2011) . Imaging was performed at the stereotactic coordinates 2 mm caudal and 2.5 mm lateral to bregma through the optical windows (1 mm 2 ) over both lesioned and nonlesioned hemispheres. According to 2PLSM measurements and MRI performed 24 h after dMCAO, this region is characterized by reduced blood flow and is localized within ϳ400 m from the infarct border. Based on our own measurements and on the existing literature, this region was defined as a peri-infarct area of stroke Murphy et al., 2009; Ueno et al., 2012; Ló pez-Valdés et al., 2014 ). An Olympus BX51WI upright microscope and water-immersion LUMPlan FL/IR 20ϫ/0.50 W objective were used for the imaging. Excitation (740 nm) was provided by a Prairie View Ultima multiphoton laser scan unit powered by a Millennia Prime 10 W diode laser source pumping a Tsunami Ti:sapphire laser (Spectra-Physics) tuned up to 810 nm center wavelength. Images (512 ϫ 512 pixels, 0.15 m/pixel in the x-and y-axes) or line scans were acquired using Prairie View software. Cranial windows (1 mm in diameter) for the imaging were made at the stereo-tactic coordinates bregma Ϫ2 mm and L 2.5 mm over both lesioned and nonlesioned hemispheres.
Microvascular red blood cell (RBC) flow velocity was measured by the line scan mode of 2PLSM. Blood plasma was labeled by the injection of ϳ100 l of fluorescein-labeled dextran (70 kDa; Sigma-Aldrich) at an initial concentration of 150 M. Fluorescence was band-pass filtered at 500 -550 nm. A total of ϳ100 microvessels (2-50 m diameter) per hemisphere in an imaging volume of 500 ϫ 500 ϫ 300 m ϭ 0.075 mm 3 were scanned. A line scan through a microvessel led to a sequence of alternating bright and dark diagonal bands in a space-time image corresponding to labeled fluorescent plasma and unlabeled dark RBCs and slope of the stripes inversely reflects RBC velocity. The width, sharpness, and angle of the dark bands representing the RBC motion, as well as the distance between them, were evaluated to calculate the RBC flow velocity in offline analyses using Rincon version 7.7 software.
Evaluation of microvessel density. The 3D anatomy of the vasculature in the region of interest was reconstructed from z-series of 2D (planar) scans (500 ϫ 500 m) obtained at consecutive depths in the cortex with 10 m steps from brain surface to 300 m in depth. In offline analyses using ImageJ, the microvessel diameters were measured to differentiate capillaries from other microvessels and density was quantified assuming that one capillary is a microvessel from bifurcation to bifurcation. The capillaries were identified by diameters (3-8 m) (Schiszler et al., 2000) , mean of ϳ5 m (Motti et al., 1986; Seylaz et al., 1999) , tortuosity, and single-file RBCs (Hudetz et al., 1995; Hauck et al., 2004) .
Microvascular BBB permeability. BBB permeability was evaluated by measuring perivascular tissue fluorescence in planar images of the cortex taken at 50 m depth 30 min after fluorescein dextran injection, as described previously (Bragin et al., 2011; Bragin et al., 2013) . In offline analyses using ImageJ, the fluorescence of five randomly chosen regions of interest over the vessel areas and five to 10 areas over perivascular brain parenchyma in both lesioned and nonlesioned/intact hemispheres were measured. The obtained measurements in the interstitial space were normalized to the maximal fluorescence intensity in the blood vessels and expressed as a percentage fluorescence intensity (modified from Egawa et al., 2013) . Thirty minutes after fluorescein-dextran injection in a healthy brain, bright vessels filled with fluorescein-dextran are seen clearly over the dark background of unstained tissue, reflecting intact BBB. Increased perivascular tissue fluorescence due to fluorescein leakage from microvessels into the brain parenchyma indicates impaired BBB.
Electron microscopy. For electron microscopy (EM), mice were perfused with 0.5% glutaraldehyde, 2.5% paraformaldehyde in 0.1 M Sorensen's buffer. Cortical tissue (1ϫ1 mm) was dissected from the areas imaged during 2PLSM analysis (identified by the cranial window openings) from the hemisphere both ipsilateral and contralateral to ischemic damage. Samples were fixed in 2% osmium, dehydrated, embedded in Araldite, thin-sectioned to 80 -90 nm, and stained with 4% uranyl acetate in methanol followed by lead citrate as described previously (Lippman et al., 2008) . Images were acquired using a Hitachi H7500 transmission electron microscope equipped with an AMT X60 camera. Three to four animals per experimental group (Control and Inhibitor) were used for analysis; high-magnification (800 -15,000ϫ) images were taken both in the lesioned and intact hemispheres. The following analysis methods were used for the ultastructural evaluation of capillaries and neurons.
To evaluate the vascular damage and TJ integrity 7 d after dMCAO, 205 capillaries (Ͻ8 m in diameter) from the lesioned and unlesioned hemispheres were imaged and analyzed. On average, 85-87 capillaries/ group were evaluated in the lesioned hemispheres and 30 -40 in the intact hemispheres. Endothelial cell integrity, intracellular (inside the endothelial cells and pericytes) and perivascular vacuoles, perivascular astrocytic processes, and basal lamina were evaluated to assess microvascular damage. The major ultrastructural criterion for TJ integrity was an existence of the intermediate dark (electron-dense) layer that is formed by multilayered membrane units of the TJs (Castejó n, 2012) . Capillaries with all intact TJs were considered normal/intact, whereas capillaries with at least one partially or fully opened/disrupted TJ unit were considered partially opened or opened, respectively. In addition, 186 capillaries from the lesioned and unlesioned hemispheres of both groups of animals were imaged and analyzed for assessment of microvasculature 21 d after dMCAO.
To evaluate neuronal damage 21 d after dMCAO, 430 neurons from the lesioned and unlesioned hemispheres were imaged and analyzed. On average, 172 neurons per group were evaluated in the lesioned hemispheres of the Control and Inhibitor groups and 43 neurons/ group in the nonlesioned hemispheres of both groups. Major criteria for neuronal damage evaluation were as follows: shape and integrity of the nuclei, presence of intracellular vacuoles, mitochondrial swelling, ER dilation and damage, chromatin accumulation, and overall cytoplasm appearance.
MRI. T2-weighted MRI. Infarct size was evaluated using MRI at 24 h and 7, 14, and 21 d after dMCAO using a 4.7 T Biospec dedicated research MR scanner (Bruker) equipped with a single tuned surface coil for mouse brain (RAPID Biomedical). The mice were anesthetized using isoflurane gas (induction dosage 2-3%; maintenance dosage 1.5-2%) and a mixture of O 2 :N 2 O gases in the ratio 2:1 delivered during the measurements. Real-time monitoring of physiological parameters (heart rate and respiratory rate) was performed during the entire duration of the study. A tri-pilot scan using gradient echo sequence was used to acquire initial localizer images. T2-weighted MRI was performed with a fast spin-echo sequence (RARE), TR/TE ϭ 5000/56 ms, FOV ϭ 4 cm ϫ 4 cm, slice thickness ϭ 1 mm, interslice distance ϭ 1 mm, number of slices ϭ 12, matrix ϭ 256 ϫ 256, number of average ϭ 3.
Infarct volume was calculated based on the widely used method proposed previously (Swanson et al., 1990) using ImageJ analysis software. The optical density threshold was determined for the gray matter in the unlesioned control hemisphere in each slice and used for the recognition of normal gray matter in the lesioned hemisphere. The areas of noninfarcted (normal) brain tissue were measured in nonlesioned intact ( I) and lesioned ( L) hemispheres in each T2-weighted MRI slice. The measured areas were summarized and the respective V I and V L volumes were calculated by multiplying each sum by the distance between slices (1 mm). The infarction volume was expressed as a percentage of the volume of the control hemisphere, using the following formula: %I ϭ 100 ϫ (V I Ϫ V L )/V I .
Quantitative measurements of cerebral blood flow using MRI. In the same MRI sessions, tissue perfusion was measured using noninvasive arterial spin labeling method (ASL) (Kim, 1995) . The sequence Flowsensitive Alternating Inversion Recovery Rapid Acquisition with Relaxation Enhancement (FAIR-RARE) was used to implement ASL with parameters: TE/TR ϭ 46/16000 ms, FOV ϭ 2.56 cm ϫ 2.56 cm, slice thickness ϭ 1 mm, number of slices ϭ 1, matrix ϭ 128ϫ128. A perfusion map was calculated using the ASL Perfusion Processing macro in ParaVision 5.1 (Bruker). Perfusion associated with specific areas of the brain was determined using interpolation method and corresponding T2-weighted MRI scans. Cortical areas of interest from the L and I hemispheres were selected from the corresponding T2-weighted MRI scans and interpolated to perfusion maps. Because the exact borders of the peri-infarct region are difficult to define, the measurements were performed in the whole sensorimotor cortex area adjacent to the dMCAOinduced cortical lesion and the analogous area of the intact hemisphere. Similar to infarct size measurements, brain tissue perfusion in the hemisphere ipsilateral to the lesion was expressed as a percentage of that in the intact hemisphere.
PCR. Three and 7 d after completion of miR-155 or control inhibitor injections (which started 48 h after dMCAO and lasted for 3 consecutive days) in dMCAO-subjected mice, 3 brains per experimental group (Inhibitor and Control) were used to generate separate sample triplicates for the analyses. Brain cortices were dissected and stored in RNAlater solution (Ambion). Total RNA was isolated using mirVana miRNA (Ambion) isolation kit from the hemispheres ipsilateral to dMCAO injury. qRT-PCR was used to evaluate miR-155 expression in the samples using a TaqMan MicroRNA reverse transcription kit and miR-155 specific TaqMan microRNA assay (Ambion). PCR array experiments were performed in collaboration with the University of New Mexico CUGR (Keck-UNM Genomic Resource) Affymetrix facility. Expression of miR-155 target genes was assessed using miR-155 Targets PCR Array (Qiagen). Mouse Cytokines and Chemokines PCR Array (Qiagen) was used to evaluate the expression of major pro-and anti-inflammatory cytokines and chemokines in the RNA samples. All measurements and data quantification were performed by the Qiagen Company Sample and Assay Technologies team. The obtained raw data were analyzed using RT2 Profiler software (Qiagen). Only the genes with consistent expression levels (within the triplicate samples) were used for statistical analysis. The fold changes of gene expressions (Inhibitor vs Control group) were calculated and the transcripts that showed Ն1.5-fold change in expression (either upregulated or downregulated) were retained. At the final step, statistical significance ( p Ͻ 0.05) and reliability of the results was evaluated automatically.
Western blot analysis. Three and 7 d after 3 consecutive miR-155 inhibitor or control nucleotide injections in dMCAO-subjected mice, 3 brains per experimental group (Inhibitor and Control) were used to generate separate sample triplicates. Brain cortices were dissected on ice and rapidly frozen. For tissue lysate preparation, brain tissue was homogenized in tissue extraction buffer (Invitrogen catalog # FNN0071; 5 ml per 1 g of brain tissue) with the addition of protease inhibitor mixture (Sigma-Aldrich). The samples were centrifuged at 10,000 rpm for 5 min and supernatant was collected and kept on ice. Protein concentration was determined for each sample using the DC protein assay kit from Bio-Rad. The proteins were separated on 4 -20% gradient Criterion precast gels (Bio-Rad). A broad-range molecular weight calibration marker from 10,000 to 250,000 MW (Bio-Rad) was used as a standard. The expression levels of SMAD1 and SMAD5 proteins were detected using specific Antibody Sampler Kits (Cell Signaling Technology) according to the manufacturer's recommendations. The expression of the mTOR pathway components, including Rictor, was detected using mTOR Pathway and mTOR Substates Antibody Sampler Kits (Cell Signaling Technology) according to the manufacturer's recommendations. The following primary antibodies were also used: rabbit polyclonal anti-NOS (Cell Signaling Technology) and anti-eNOS (Millipore) antibodies; rabbit polyclonal anti-ZO-1 antibodies from Millipore and Life Technologies; rabbit monoclonal antiRhoA and rabbit polyclonal anti-Claudin-1 (Cell Signaling Technology); and mouse monoclonal anti-Claudin-5, rabbit polyclonal anti-VECadherin, and mouse monoclonal anti-Occludin-1 (Invitrogen/Life Technologies). Rabbit monoclonal Phospho-Akt (Ser473 and Thr308) and Rheb (Ras homolog enriched in brain) antibodies were from Cell Signaling Technology. Loading was confirmed by comparing GAPDH and actin immunoreactivity across the lanes using mouse monoclonal anti-GAPDH (Millipore) and monoclonal anti-actin (Sigma-Aldrich). Horseradish peroxidase-labeled secondary antibodies were from Cell Signaling Technology and GE Healthcare. Incubation with both primary and secondary antibodies was performed for 1 h at room temperature. Experiments were performed in triplicate (3 mice per group). The density of the protein bands was determined using ImageJ software, normalized by actin or GAPDH expression, and quantified using Microsoft Excel software.
Immunohistochemistry and fluorescence microscopy. Animals were perfused with PBS and 4% paraformaldehyde (PFA) and brains were removed and fixed in PFA and subsequently cryoprotected in 30% sucrose. The brains were sectioned along the rostral-caudal axis; 16 m coronal sections were mounted and subjected to immunostaining. Briefly, the slices were postfixed with 4% PFA, quenched with 50 mM NH 4 Cl, and permeabilized with 0.2% Triton X-100 in PBS; 10% normal goat serum was used as a blocking buffer. Tissue slides were incubated with primary (fluorophore-conjugated or unconjugated, 1:100 dilution) antibodies overnight at 4°C. Primary antibodies were as follows: rabbit polyclonal anti-Claudin-1 (Cell Signaling Technology); mouse monoclonal antiClaudin-5 and mouse monoclonal anti-Occludin-1 (Invitrogen/Life Technologies); Alexa Fluor 488 anti-mouse CD-31 (BioLegend); eFluor 570 anti-ZO-1 (eBioscence); and and Cy-3-conjugated anti-NeuN antibody (Millipore). Cy3-or Rhodamine-conjugated secondary antibodies were used at a 1:250 dilution (Jackson ImmunoResearch Laboratories). DAPI staining was used to visualize nuclei. The incubations were performed in the humidity chamber.
Visualization of cerebral vasculature using lectin staining. The concept and methods for vascular labeling with lectins were adopted from methods described previously (Laitinen, 1987; Porter et al., 1990) . Vasculature was visualized using fluorescence staining of brain slices with rhodamine-conjugated Griffonia simplificolia lectin (0.01 mg/ml; Vector Laboratories) or Texas red-conjugated tomato (Lycopersicon esculentum) lectin (0.01 mg/ml; Vector Laboratories). Imaging was performed using a Zeiss LSM510-META confocal microscope.
Assessment of brain tissue damage. Brain slices were immunostained with Cy-3-conjugated anti-NeuN antibody and imaged using a Nikon Eclipse Ti microscope and Nis Elements, Advanced Research version 4.30.01 software. Six to seven animals per group and 10 -15 brain sections per mouse (16 m thickness) were used for the analysis. Because, at this late stage after dMCAO, the necrotic tissue disappears (due to development of cystic zone), the whole-brain lesion volume was measured according to the indirect method by assessing the size differences between the remaining lesioned and nonlesioned contralateral hemispheres and using methods described previously (Bouet et al., 2009; Lubjuhn et al., 2009) . In each section, the areas of both hemispheres were measured using ImageJ software. The infarction of the remaining tissue (in the lesioned hemisphere) was detected by the unstained regions of the section. The infarct area and volume were calculated as described for the MRI-based measurements.
Functional recovery assessment: adhesive removal test. The pattern of sensorimotor deficits and subsequent recovery was performed in parallel with the in vivo imaging experiments and compared between the control inhibitor, specific miRNA inhibitor-injected, sham-operated, and intact animals (10 -12 mice/group). The bilateral asymmetry/adhesive removal test was performed as described previously (Bouet et al., 2009) . Two adhesive tapes (ϳ0.4 cm 2 ) were applied with equal pressure on each animal paw. The order of placement of the adhesive (right or left) was alternated between each animal and each session. The mouse was placed in a transparent plastic box and the times to contact and to remove each adhesive tape were collected, with a maximum of 120 s. Experimenters were blind with regard to the mice groups. Mice were trained daily before (5 d before surgery) and after dMCAO (reminder sessions at days 3-5 after dMCAO). Postsurgery testing was monitored for 25 d after dMCAO (single trial per test day; the in vivo imaging day was skipped). Two parameters were monitored for each paw: contact time (point that the mouse reacts to the presence of adhesive strips) and adhesive removal time. Performances of the 3 final days of each week were averaged as a block.
Gait analysis/CatWalk test. Gait analysis was performed using the CatWalk automated gait analysis system (Noldus), which is a sensitive tool to assess animal gait and locomotion. The mouse voluntarily traverses a glass walkway and its footprints are captured and quantified with camera and specialized software to generate numerous parameters for qualitative and quantitative analysis of individual footprints and gait. The animals (three experimental groups: Inhibitor, Control, and Intact animal groups, n ϭ 12 animals per experimental group) were trained on the walkway until at least 3 compliant (1-5 s duration, maximum deviation 60%) runs were performed successfully and recorded according to the manufacturer's instructions. The recorded data were analyzed using CatWalk XT versin 10.5.505 software. Animals were trained 1 week before and 2 d after dMCAO and subsequently tested once a week 7, 14, and 21 d after dMCAO (Balkaya et al., 2013) .
Animal weight monitoring. Body weight was monitored in three groups of animals, consisting of Inhibitor, Control, and Intact animals (n ϭ 12 mice per experimental group). The animals were weighted daily starting at day 0 (before dMCAO surgery) and continuing for 21 d after dMCAO.
Statistical analysis. Statistical analysis was performed using GraphPad Prism version 6.05 or R software. Student's t test was performed for the Western blot (WB) analysis. Group comparisons using two-way ANOVA followed by Sidak's multiple-comparisons test was performed for quantification of blood flow velocity, microvessel density, and permeability (2-photon microscopy studies). One-way ANOVA followed by Sidak's multiple-comparisons test was used for behavioral tests and weight gain analysis. For quantification of the MRI data (infarct size and tissue perfusion), mixed-model repeated-measures with Wald tests between groups were used, followed by Sidak's familywise error rate correction for multiple-comparisons within each hypothesis. ANCOVA was used to assess relationships between the improvements in sensorimotor deficits and infarct size by week, with Wald tests between groups.
Results

Efficiency of in vivo miR-155 inhibition
Mice received intravenous injections of FITC-conjugated specific miR-155 inhibitor or control scrambled oligonucleotide 48 h after dMCAO; injections lasted for 3 consecutive days. At 3 and 7 d after the last injection (7 and 11 d after dMCAO), the brains were collected for fluorescence microscopy and PCR analyses. Confocal microscopy detected FITC-conjugated inhibitor associated with cerebral blood vessels (Fig. 1A, arrows) ; some inhibitor molecules also crossed the BBB and were seen to be distributed within the brain tissue (Fig. 1A, stars) . qRT-PCR of the samples collected 3 d after the last injection showed, on average, ϳ50% inhibition of miR-155 expression in the inhibitorinjected (Inhibitor) compared with the scrambled oligonucleotide-injected (Control) animal groups (Fig. 1B, left graph) . miR-155 expression returned back to control levels 7 d after the last anti-miR-155 injection (data not shown). Functional efficiency of the in vivo miR-155 inhibition was evaluated in the samples collected from the Inhibitor and Control groups at 3 d after the last injection. miR-155 Targets PCR Array analysis demonstrated significantly (Ͼ2-fold, p Ͻ 0.05) increased expression of 4 miR-155 direct target genes in the Inhibitor group (compared with Control). Among these genes were: bioinformatically (TargetScan) predicted Dhx40 (DEAH box polypeptide 40), Dync1i1 (dynein cytoplasmic 1 intermediate chain 1), and Zfp652 (encoding zinc finger protein 652), as well as the experimentally verified Agtr1a gene encoding Angiotensin II receptor type A (Fig. 1B, right graph) . WB analysis demonstrated significantly increased expression of three miR-155 target proteins in the Inhibitor samples compared with Control samples (Fig. 1C) . These proteins included TGF-␤/BMP (transforming growth factor-␤/bone morphogenetic protein) signaling pathway molecule SMAD5 (Rai et al., 2010; Yin et al., 2010) , mTOR (mammalian target of rapamycin) signaling pathway component Rictor (Wan et al., 2014) , and NO signaling factor eNOS. The average expression levels of miR-155 target protein SMAD1 (Yin et al., 2010) were slightly elevated, whereas SMAD5 levels were increased by 20.5% and Rictor was increased ϳ2.3-fold (131.4%). Robust increase in eNOS levels is in agreement with the findings that eNOS is directly targeted by miR-155 (Sun et al., 2012). Together, these results confirm the efficiency of Figure 1 . Evaluation of in vivo miR-155 inhibition efficiency 3 d after specific inhibitor injections. A, Distribution of injected FITC-conjugated miR-155 inhibitor (Exiqon) was assessed 3 d after 3 consecutive days of intravenous injections in dMCAO-subjected mice. Vasculature was visualized using fluorescence staining of the brain slices with Rhodamineconjugated Griffonia simplificolia lectin (red on left and middle panels); endothelial cells were labeled with Texas redconjugated Tomato lectin (red on the right panel; blue indicates DAPI staining). Confocal microscopy imaging detected FITC-positive oligonucleotides (green, arrows) associated with the wall and lumen of the cerebral blood vessels (left panel and orthogonal image projections on middle panel) and incorporated within blood vessel endothelium (right). FITCconjugates were also seen in the brain parenchyma (stars), demonstrating BBB permeability of the injected inhibitor. Scale bars, 10 m. B, Left, MiR-155 expression in the lesioned hemispheres of the animals injected with specific anti-miR-155 (black bar) or scrambled control (white bar) 3 d after the last injection (qRT-PCR with TaqMan miR-155 primers). Right, miR-155 Targets PCR Array was performed to detect the expression of miR-155 target genes in the same samples. miR-155 inhibition resulted in significant (Ͼ2-fold, p Ͻ 0.05) increase in expression of 4 direct miR-155 target genes. Error bars indicate SD. C, Expression of miR-155 target proteins in samples from the Inhibitor (lane I and black bars on graph) and Control (lane C and white bars on graph) groups. GAPDH expression was used for a loading control. Protein bands were quantified using ImageJ software and relative density values (normalized to GAPDH expression) were plotted on the graph. For all experiments: *p Ͻ 0.05, **p Ͻ 0.01, Student's t test. Error bars indicate SD. n ϭ 3 mice per group.
the in vivo miR-155 inhibition in the mouse brain subjected to dMCAO and 3 d of anti-miR-155 injections.
In vivo miR-155 inhibition results in the improved blood flow and supports cerebral microvasculature after dMCAO 2PLSM was used to evaluate the functional cerebral vasculature in the Control and Inhibitor groups, at 7, 14 and 21 d after dMCAO. The representative z-projection planar scans in Figure  2 , A and B, demonstrate the microvascular network (visualized by the intravenous fluorescent dextran injection) in the peri-infarct area of the control and inhibitor-injected mice, respectively. High-magnification scans visualizing the RBC motion in the individual capillaries (Fig. 2 A, B , boxed) from the control (Fig.  2C ,E) and miR-155 inhibitor-injected (Fig. 2 D, F ) animals demonstrate an increased blood flow velocity in the inhibitor-injected mice compared with control mice. The RBC flow calculations are based on the angle (inversely reflecting the flow velocity) of the dark stripes representing the RBC motion and the distance between them (see Materials and Methods). The obtained line-scan data (Fig. 2G) show that, in the lesioned hemispheres of the Control group, the RBC flow velocity in the capillaries remained significantly lower compared with the lesioned hemispheres of the Inhibitor group for up to 14 d after dMCAO. Importantly, at every time point after stroke (7, 14, and 21 d), the blood flow velocity in the lesioned hemispheres of the Control group remained significantly decreased (30%, 54%, and 30% lower than in the nonlesioned hemispheres, respectively). In the Inhibitor group, the microvascular flow velocity in the lesioned hemisphere was similar to the velocity in the nonlesioned (intact) hemisphere 7 d after stroke and decreased at 14 and 21 d (20% and 16% lower than in the intact hemisphere, respectively). The RBC flow in larger (Ͼ10 m diameter) microvessels was not significantly different within the groups and hemispheres at any of the three time points analyzed (data not shown). To evaluate microvascular density, capillaries from each planar scan were counted in the hemispheres ipsilateral and contralateral to dM-CAO injury. Capillary numbers per 0.05 mm 3 were calculated and plotted in Fig. 2H . The capillary density in the peri-infarct area of the anti-miR-155 injected animals was similar to the nonlesioned hemispheres at all three time points after stroke. Seven days after dMCAO, the capillary density in the lesioned hemispheres of the Control group was significantly lower compared with the intact hemispheres. No significant differences in the microvessel density were seen within the groups at 14 and 21 d after dMCAO (Fig. 2H ) . Because miR-155-defficient mice have been demonstrated to have a reduced BBB leakage/breakdown (Lopez-Ramirez et al., 2014), we performed the analysis of vascular permeability using 2-photon microscopy scans. Quantification of the vascular permeability presented in Figure 2I shows the values of relative fluorescence signal intensity in the interstitial space of the lesioned and nonlesioned hemispheres of the Control and Inhibitor groups. The data demonstrate that, 7 d after dMCAO, the microvascular leakage in the lesioned hemisphere of the inhibitor-injected mice was significantly lower compared with the lesioned hemisphere of the Control group. In contrast to the Inhibitor group, in the Control gropu, permeability in the lesioned hemispheres was significantly higher compared with nonlesioned hemispheres. Fourteen days after dMCAO, vascular leakage in the lesioned hemispheres decreased in both groups of animals and remained similar to the intact hemispheres for up to 21 d after dMCAO (Fig. 2I ) . In summary, the evaluation of cerebral microvasculature demonstrates that anti-miR-155 injections initiated 48 h after dMCAO result in significant improvement in the microvascular circulation, capillary density, and BBB integrity 7 d after the experimental stroke. At the later stages (14 and 21 d after dMCAO), no significant differences in capillary density and integrity were observed between the two experimental groups or between the lesioned and intact hemispheres. This could be associated with reduced potency of miR-155 inhibition by this time or activation of the natural postischemic vascular remodeling process in all animals.
In vivo miR-155 inhibition supports the integrity of endothelial tight junctions Based on the vascular permeability data obtained by 2-photon microscopy, we assessed the microvascular damage and ultrastructural alterations of the endothelial TJs in the Control and Inhibitor groups using transmission EM. Seven days after dMCAO, capillaries in the nonlesioned hemisphere of both Control and Inhibitor mouse groups had a normal appearance and were surrounded by healthy looking, undamaged brain tissue (Fig. 3 A, C) . In the lesioned hemispheres of both experimental groups, the capillaries were narrowed due to perivascular edema represented by heavily swollen astrocyte end feet and large vacuoles (Fig. 3 D, G) . Endothelial damage (vacuoles in the cytoplasm, endothelial cell denudation) and disturbed and disintegrated basal lamina were observed in Controls. TJ units in these capillaries were often disrupted and not clearly identifiable (Fig. 3E) . In contrast to the Control group, TJs in the majority of capillaries (even in the narrowed or collapsed ones) of the Inhibitor samples had an intact appearance (Fig. 3G,H ) . In addition, the tissue from the inhibitor-injected animals was less edematous and less vacuolated compared with the Control group (Fig. 3 F, I ). Neurons had a normal appearance in both groups. Detailed analysis and comparison of TJ integrity between the Inhibitor and Control groups is demonstrated in Figure 3J . Analysis revealed that, in the nonlesioned hemispheres of both experimental groups (combined together since there was no difference in TJ appearance), 85% of all imaged capillaries had closed and 12% had partially opened TJs. In the lesioned hemispheres of the Control group, only 18.5% of all capillaries had intact TJs; 44.6% had at least one partially opened TJ unit, whereas 30.7% of them had opened/ disrupted TJs. In contrast, in the lesioned hemisphere of the Inhibitor group, only 8.9% capillaries had opened/disrupted and 16.5% had partially opened TJs; all TJs were intact/closed in 58% of capillaries. Therefore, in the Inhibitor group, the percentage of closed (intact) TJ units was significantly ( p Ͻ 0.05) higher, whereas the fraction of disrupted TJs was significantly lower, compared with the Control group. Approximately 16% of the microvessels in the Inhibitor group and 6% in the Control group were represented by very small capillaries of 2-4 m diameter, which did not have well defined TJs (Fig. 3J, purple bars) . Twenty-one days after dMCAO, there were no apparent differences in the structural integrity of TJs between the Control and Inhibitor groups. However, as high as 35% of all imaged microvessels in Controls (as opposed to 13.7% in the Inhibitor group) were represented by collapsed microvessels. In summary, EM data demonstrate that miR-155 inhibition prevents microvascular injury in the peri-infarct area of stroke for up to 21 d after dMCAO. EM imaging supports our 2-photon microscopy data, demonstrating the maximal differences in microvascular integrity (between control and inhibitor-injected animals) 7 d after dMCAO. EM analysis was able to demonstrate a higher degree of vascular damage in the Control group 21 d after dMCAO. This can be explained by the differences between the approaches: 2-photon microscopy depicts the functional mi- Figure 2 . 2PLSM evaluation of microvasculature. 2PLSM micrographs of cerebral vasculature in the peri-infarct area of the Control (A) and Inhibitor (B) groups visualized by intravenous injections of 70 kDa Fluorescein-labeled dextran (maximal intensity projection from 10 planar scans acquired every 10 m); 7 d after dMCAO. Scale bar, 100 m. Illustration of the RBC flow in the individual microvessels from Control (C) and Inhibitor (D) groups (boxed on A and B and shown at higher magnification). Line-scan data for blood flow velocities in the capillaries (C, D) demonstrate higher velocity in the Inhibitor group (F, the RBCs reach longer distance in a shorter time, dt) compared with Controls (E). G-I, Analysis of the average RBC flow velocity (G), capillary density (H ), and permeability (I ) in the lesioned and nonlesioned hemispheres of the Inhibitor and Control groups 7, 14, and 21 d after dMCAO. Localization of the cranial windows for the optical imaging relative to the infarction (detected 24 h after dMCAO) and the legend for all graphs are shown in the box. G, Width, sharpness, and angle of the dark bands representing RBC motion, as well as the distance between them, were evaluated to calculate the RBC flow velocity (mm/s) in 100 microvessels per hemisphere using Rincon 7.7 software. Error bars indicate SEM. n ϭ 12 mice per group. H, Capillary density was calculated from 3D projections of z-scan series (from the brain surface to 300 m in depth) and plotted as the number of capillaries in 10 Ϫ3 mm 3 . Error bars indicate SD. n ϭ 6 -10 mice per group. I, Analysis of microvascular permeability was performed 7, 14, and 21 d after dMCAO. The representative micrographs depict the quantification of micrvascular permeability in the peri-infarct area of the Control and Inhibitor animal groups 7 d after dMCAO. The blood vessel area (red squares on 2PLSM micrograph) and interstitial space (yellow squares) were manually defined and fluorescence intensity in each area was measured using ImageJ software. The percentage fluorescence intensity in the perivascular area reflecting the BBB leakage is plotted at 7, 14, and 21 d. Error bars indicate SD. n ϭ 6 -8 mice per group. Statistical analysis for all graphs: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, two-way ANOVA followed by Sidak's multiple-comparisons test. crovessels, whereas EM also enables the imaging of both functional and collapsed nonfunctional microvasculature.
Downregulation of miR-155 results in increased expression of TJ protein ZO1
The vasculature after dMCAO was also examined using confocal fluorescence microscopy. Figure 4A is a detailed image of a coronal brain section from the animal injected with FITCconjugated dextran and paraformaldehyde mixture 5 min before death. It shows that, 7 d after dMCAO, there is a reduced number of functional vasculature within ϳ600-m-wide area medial to the infarct border (Fig. 4A) , which is in agreement with previous studies ( Mouse was injected with fluorescent dextran/paraformaldehyde mixture, which allows a visualization of functional blood vessels on histological sections. Note the reduced vascular perfusion within the ϳ600-m-wide area medial to the infarct (I, outlined with white dotted line). B, Coronal section from the same animal immunostained with anti-NeuN antibody (red). Note the reduced NeuN intensity in the infarct area and dense nuclear staining (DAPI, blue) representing a glial scar. C and high magnification in D, Double immunostaining with anti-NeuN (red) and anti-CD-31 (green) demonstrates a spatial distribution of neurons and blood vessels (arrows) in the peri-infarct area 7 d after dMCAO. Infarct (I) is outlined with a dotted line. E, Double immunofluorescence staining of the brain coronal sections from the Inhibitor and Control animal groups 7 d after dMCAO. Micrographs demonstrate the localization and distribution of the TJ proteins ZO-1, Occludin-1, and Claudin-5 (red) in cerebral microvessels (detected with anti-CD-31, green) in close vicinity to the infarct border. Imaging was performed using a Zeiss LSM510-META confocal microscope with tile-scan and z-stack image acquisitions. Scale bars, A, B, 200 m; C-E,20m. F, WB analysis of ZO-1 expression in lysates prepared from the cortical tissue of the lesioned and nonlesioned hemispheres of Inhibitor and Control groups 7 d after dMCAO. Graph represents WB quantification analysis; optical density of each band was normalized to ␤-actin as a loading control. Results are presented as a ratio between ZO-1 expression in the lesioned compared with the corresponding nonlesioned hemispheres. G, WB analysis of Akt phosphorylation levels in the samples collected from the lesioned hemispheres of Inhibitor and Control mice (described in F ) using rabbit monoclonal Phospho-Akt antibodies (Ser473 and Thr308). Graph represents WB quantification analysis; relative density represents protein expression normalized to GAPDH as a loading control. H, WB analysis of Akt and Rheb protein expression in the same samples (described in G). Relative density represents protein expression normalized to ␤-actin as a loading control. I, WB analysis of the expression of the major TJ proteins Claudin-5 and Occludin-1, the aherens junction protein VE cadherin, and the TJ regulator protein RhoA. The samples described for F were used for this analysis. Graph represents WB quantification analysis. Optical density of each band was normalized to ␤-actin as a loading control. Results are presented as a ratio of protein expression in the lesioned and corresponding nonlesioned hemispheres. For all WBs, error bars indicate SD; n ϭ 3 mice per group. *p Ͻ 0.05, Student's t test. J, Cytokine/chemokine gene expression changes after miR-155 inhibition 7 d after dMCAO. Total RNA was obtained from cortical tissue of Inhibitor and Control mouse brains (hemispheres ipsilateral to the lesion) and subjected to mouse cytokine/chemokine PCR profiler array. The obtained raw data were analyzed using RT2 Profiler software. The graph demonstrates significant (Ն1.5-fold change in expression, p Ͻ 0.05) upregulation of 3 and downregulation of 2 cytokines in Inhibitor mice compared with Controls. n ϭ 3 animals per group. marker) expression in the infarct core (Fig. 4B) . Few microvessels expressing blood vessel marker CD-31 (surrounded by NeuNpositive neurons) were seen in the peri-infarct area, and occasionally in the infarct core (Fig. 4C,D) . To investigate the molecular basis of changes in TJ integrity associated with miR-155 inhibition, we performed immunofluorescence microscopy and WB analysis of the brains from the Control and Inhibitor groups collected 7 d after dMCAO. The expression patterns of the TJ proteins Occludin-1 and Claudin-5 in the microvessels captured in close vicinity to the infarct border were not visually different between the Inhibitor and Control animal groups. ZO-1 expression appeared to be more distinct in the Inhibitor group and less prominent in the Control group (Fig. 4E) . To perform an accurate quantification, the expression levels of the major TJ proteins were analyzed by WB using the Inhibitor and Control samples collected 7 d after experimental ischemia. dMCAO resulted in significant depletion of ZO-1 protein in the lesioned hemisphere of Control samples. In the lesioned hemisphere of Inhibitor samples, ZO-1 expression was significantly ( p ϭ 0.002) higher compared with Controls. At the same time, ZO-1 expression in these samples was not significantly different from the nonlesioned hemisphere samples (Fig. 4F , ZO-1 is represented by two closely migrating Ͼ220 kDa bands). To explain the mechanism of ZO-1 regulation by miR-155, we checked for probable activation of signaling molecules mediating TJ barrier functions. The PI3K/Akt pathway plays an important role in the regulation of TJ assembly and integrity (González-Mariscal et al., 2008) . At the same time, Akt signaling is activated by overexpressed miR-155 and downregulated after miR-155 inhibition (Yamanaka et al., 2009; Huang et al., 2012) . In agreement with these previous studies, Akt phosphorylation levels (both at Thr308 and Ser473) were Ͼ3-fold lower in the Inhibitor samples compared with Controls (Fig. 4G) . Total Akt protein expression was also decreased in the Inhibitor samples (Fig. 4H ). To establish a connection among ZO-1 expression, Akt phosphorylation/expression levels, and miR-155 downregulation, we analyzed the levels of the direct miR-155 target protein Rheb . This small GTPase, with the highest expression in the brain and muscle, is implicated in the regulation of important cellular processes including cell cycle and growth. Recent studies showed that Rheb is essential for the development of the murine cardiovascular system and blood circulation (Aspuria et al., 2004; Goorden et al., 2011) . As demonstrated in Figure 4H , Rheb expression was increased by ϳ33% in the Inhibitor group. Therefore, higher levels of Rheb accompanied decreased Akt phosphorylation, which is in agreement with other studies demonstrating that Rheb suppresses Akt phosphorylation at both the Ser 473 and Thr308 sites (Cao et al., 2013) . The expression of VE-cadherin, an adherence junction protein and a possible upstream regulator of ZO-1, was not different within the groups. The levels of RhoA protein, a direct target of miR-155 and an important regulator of TJ functions, was not significantly different throughout the analyzed samples (Fig. 4I ) , which means that ZO-1 stabilization was not mediated via the RhoA or VE-Cadherin signaling pathways. Therefore, we speculate that increased expression of ZO-1 could be mediated via a Rheb/Akt interaction: Rheb upregulated after miR-155 inhibition suppresses Akt activity and subsequently stabilizes ZO-1. ZO-1, a regulatory scaffolding TJ protein, interacts with other TJ proteins and mediates their association with the cytoskeleton (Harhaj et al., 2004; Balda et al., 2009 ). Therefore, we analyzed possible changes in the expression of other TJ proteins. Claudin-5 and Occludin-1 were also somewhat (but not consistently) increased in the anti-miR-155-injected animals (Fig. 4I ) . dMCAO resulted in a significant decrease of Occludin-1 expression in the lesioned hemispheres of the both experimental groups. In summary, our WB analysis revealed that, among all TJ proteins, ZO-1 was consistently affected by miR-155 inhibition. Stabilization of the major scaffolding and signaling protein ZO-1 could strengthen TJ barrier function in the inhibitor-injected animals.
In vivo miR-155 inhibition results in alterations in the cytokine/chemokine gene expression profile after dMCAO Because miR-155 inhibition has been reported to reduce both inflammation and BBB leakage/breakdown, we hypothesized that the effect of anti-miR-155 injections on microvascular integrity could be also attributed to the reduced postischemic inflammation. The RNA samples were collected and analyzed 7 d after dMCAO (Fig. 4J ) . The expression of genes encoding proinflammatory and anti-inflammatory factors assessed with a specialized cytokine/chemokine PCR profiler array revealed a significant (Ն1.5-fold; p Ͻ 0.05) upregulation of 3 and downregulation of 2 cytokine genes. The consistently upregulated genes were as follows: Ctf1, encoding cardiotrophin, shown to inhibit caspases and thus promote neuroprotection and repair in stroke (Sola et al., 2008; ; Bmp4, encoding bone morphogenetic protein, implicated in induction of tube formation and migration of human microvascular endothelial cells (Rothhammer et al., 2007) ; and the angiogenesis promoting cytokine gene Il23a (Langowski et al., 2006) . It has been demonstrated that BMP signaling is negatively regulated by miR-155 (Yin et al., 2010) , which explains the upregulation of the Bmp4 gene after miR-155 inhibition. Among the downregulated genes are: proinflammatory Ccl12, encoding monocyte chemotactic protein 5 (MCP-5), which is stimulated by in vitro hypoxia and implicated in mediation of inflammatory response after stroke (Mojsilovic-Petrovic et al., 2007) , and proinflammatory Cxcl3 (Chemokine ligand 3). Interestingly, these two chemokines are linked directly to vascular inflammation, particularly to monocyte transmigration to the subendothelial space and monocyte adhesion to vascular endothelium, followed by development of atherosclerotic plaques (Gargalovic et al., 2006) .
In vivo miR-155 inhibition results in the reduction of brain damage after dMCAO
Infarct size was evaluated using MRI at 24 h and 7, 14, and 21 d after dMCAO (Fig. 5 A, B) to detect the extent of the brain damage within control animals (Fig. 5B, red) and inhibitor-injected animals (Fig. 5B, blue) . dMCAO-induced injury size (% infarct volume) measured at 24 h after dMCAO allowed us to evaluate the initial damage in each animal. The average initial damage in both experimental groups was ϳ13.5%. At 7 d, the average relative infarct size in the Inhibitor group was 13.8% versus 17.5% in the Control group. This is in agreement with our EM observations demonstrating less vacuolated and edematous tissue compared with control animals. At 14 d, the differences in percentage infarct sizes between the two groups were minimal: 12.3% in inhibitor-injected and 13.4% in control animals. The infarct sizes were significantly different ( p Ͻ 0.05) at 21 d, when the relative infarct volume was 9.5% in the Inhibitor group versus 14.43% in the Control group (see multiline charts and representative MRI images in Fig. 5 ). Therefore, MRI data demonstrate that antimiR-155 injections result in a 34% reduction of brain damage 21 d after dMCAO. In the same MRI sessions, tissue perfusion was measured using the noninvasive ASL method for quantification of cerebral blood flow. Perfusion maps were generated and Figure 5 . In vivo miR-155 inhibition results in reduction of infarct size after dMCAO: infarct volume measurements using MRI. A, T2-weighted MRI-based measurements of the infarct volume were performed 24 h (initial evaluation) and 7, 14, and 21 d after dMCAO (in the same animal). Representative MRI images (three sections per mouse from the Control and Inhibitor groups) demonstrate progression of the brain damage from vasogenic edema at 24 h after dMCAO to tissue resorption at 21 d. The remaining normal tissue in the lesioned hemisphere is outlined by a red dotted line. Note the visible differences in infarct sizes between Control and Inhibitor animals. Scale bar, 2 mm. B, Volumes of normal gray matter in the lesioned and nonlesioned control hemispheres were calculated and the infarction volume was expressed as a percentage of the volume of the gray matter in the control hemisphere. Multiline plot represents relative (%) infarct sizes by days comparing Control (red) and Inhibitor (blue) groups. Dark points indicate the mean with SEM error bars and light points indicate responses of individual animals. For statistical analysis, group comparisons were performed using mixed-model repeated-measures with Wald tests between groups, followed by Sidak's familywise error rate correction for multiple comparisons within each hypothesis (*p Ͻ 0.05). Error bars indicate SEM. n ϭ 7 mice per group. C, Evaluation of tissue perfusion using the ASL method. Representative ASL perfusion maps generated in the same animal (from Control and Inhibitor groups) at 24 h and subsequently at 7, 14, and 21 d after dMCAO. Scale bar, 2.5 mm. Box, Cortical areas of interest from the lesioned (L) and intact (I) hemispheres were selected from the corresponding T-2 weighted MRI scans (top, outlined with green dotted line) and interpolated to perfusion maps (bottom); lesion is marked with yellow dotted line. D, Brain tissue perfusion (blood flow, ml/100 g ϫ min) at 24 h and 7, 14, and 21 d after dMCAO (in the hemisphere ipsilateral to the lesion) was expressed as a percentage of that in the intact hemisphere and plotted on the multiline graph. The percentage perfusion by days comparing Control (red) and Inhibitor (blue) groups uses dark points to indicate the mean with SEM error bars (Figure legend continues.) blood flow in the analogous areas of the lesioned and intact hemispheres was calculated (Fig. 5C,D) . Continuous changes of blood flow in the Control and Inhibitor groups were measured at 24 h and 7, 14, and 21 d after dMCAO. Although no statistically significant differences in blood perfusion were detected between the two experimental groups, the pattern of tissue perfusion changes was similar to microvasculature alterations showing the maximum changes 7 d after dMCAO. The ASL measurements, however, represent a combined flow in all blood vessels and thus could not fully reflect the changes in the capillary flow detected by 2-photon microscopy.
miR-155 inhibition prevents delayed neuronal damage after dMCAO
The brain tissue damage was additionally assessed after the completion of in vivo two-photon microscopy and/or MRI imaging (21 d after dMCAO). Figure 5E shows representative images of serial coronal brain sections from the Control and Inhibitor groups immunostained for the neuronal marker NeuN. The infarct size calculations (see Materials and Methods) revealed that the relative infarction volume was significantly ( p ϭ 0.008) greater in the Control group (20.4%) compared with Inhibitor group (14.3%). Despite the considerable deformation of the brain tissue after fixation, freezing, and slicing procedures, the results were still in agreement with the in vivo MRI measurements showing ϳ30% reduction of the relative infarct volume in miR-155 inhibitor-injected mice. Immunohistochemistry revealed a visibly higher number of NeuN-positive neurons in the lesioned hemispheres of the Inhibitor group (Fig. 5F ). Because NeuN immunoreactivity does not accurately reflect the degree of neuronal damage, we used EM to assess the ultrastructure of neurons in the peri-infarct area of stroke. As mentioned in section on the EM analysis of blood vessels, no considerable neuronal damage was observed in the samples collected 7 d after dMCAO. At 21 d, however, visibly significant tissue damage and neuronal death were seen in the peri-infarct area of the Control group (Fig. 6A-C) . In contrast, in the inhibitor-injected mice, the neurons and surrounding brain tissue had a healthy or slightly damaged appearance ( Fig. 6D-F ) . Analysis revealed that, in the lesioned hemisphere of the Inhibitor group, the average number of normal/slightly damaged neurons (78% of all imaged neurons) and damaged neurons (22%) was similar to the nonlesioned hemisphere (Fig. 6G ). In the Control group, the percentage of significantly damaged neurons was as high as 68%; Ͼ9% consisted of necrotic neurons (Fig. 6C,G) . Therefore, the numbers of undamaged and damaged neurons in the lesioned hemispheres were significantly (p ϭ 0.001 and p ϭ 0.003, respectively) different between the Inhibitor and Control groups. Importantly, no neuronal necrosis was observed in the Inhibitor group. Interestingly, considerable numbers of injured (65%) and dead/necrotic (4%) neurons were seen in the nonlesioned hemisphere of the Control group. Based on the EM analysis, we conclude that miR-155 inhibition prevents the delayed neuronal death after stroke. These data are in agreement with the MRI measurements demonstrating a significant reduction of brain tissue damage in the Inhibitor group 21 d after dMCAO.
Functional recovery assessment
The assessment of sensorimotor deficits and their subsequent recovery was performed in parallel with the in vivo imaging experiments and compared between the control and anti-miR-injected dMCAO mice, as well as in sham-operated and intact animals.
Bilateral asymmetry/adhesive removal test
Sensitivity to simultaneous forelimb stimulation was measured by means of a test similar to contralateral neglect testing in human. Among other impairment tests, the adhesive removal test was shown to be the most effective in assessment of behavioral impairments for 3 weeks after dMCAO (Bouet et al., 2009; Freret et al., 2009) . The graphs in Figure 7 show the animals' performance (times of contact, Fig 7A, and removal, Fig 7B, of the adhesive tape with the contralesional paw) at different time points after surgery.
Adhesive contact time. Adhesive contact time was not statistically different between the Inhibitor and Control groups. However, in the last testing block (21-25 d after dMCAO), only the mice from the Control group retained significantly longer contact time compared with the Intact and Sham groups (Fig. 7A) .
Adhesive removal time. As expected, in the first testing block (7-11 d after dMCAO), the time to remove the adhesive tape was significantly longer in the Sham, Inhibitor, and Control groups compared with the Intact group. In the second block (14 -18 d after dMCAO), significant differences became apparent between the Inhibitor and Control groups. In addition, the removal time was significantly greater in Controls compared with both the Intact and Sham groups. In the final testing block (21-25 d after dMCAO), the Intact, Sham, and Inhibitor groups demonstrated almost full recovery in adhesive removal function, whereas the Controls had significantly impaired performance compared with all other groups (Fig. 7B) . A multiple regression was fit to assess the relationship between the adhesive removal time [log 10 (Time)] with infarct size between groups at weekly intervals. A positive relationship was detected at 14 and 21 d (onesided slope p values ϭ 0.034 and 0.021, respectively, at an uncorrected 0.05 significance level), which means that the reduced infarct size in the Inhibitor group correlated with the improvement of the sensorimotor deficits.
Gait analysis with CatWalk test
Gait changes are considered to be reliable indicators of stroke severity by providing information on limb coordination and compensatory movements due to stroke-induced deficits in sensorimotor function . The experimental groups were tested 7, 14, and 21 d after dMCAO. The automated comparative paw and interlimb coordination statistics identified several parameters recorded for the left and the right (contralesional) paws, which reflected considerable differences between two experimental groups 21 d after dMCAO. Significant differences between the Inhibitor and Control groups were detected in so-called "phase dispersion" (time between the placement of two paws within a step cycle) and "print position" (distance between the front and hindpaws within a step cycle) parameters (Fig.  7C,D) . The increased values of the phase dispersion parameter after ischemic stroke have been reported previously Balkaya et al., 2013) . Importantly, the calculated values for phase dispersion (for the contralesional right paw) in the Inhibitor group were similar to the Intact group but significantly dif- ferent from the Control group (Fig. 7C ). Significant differences between the Inhibitor and Control groups seen in the print position for the left paw (Fig. 7D) could reflect a distinctive compensation for the abnormal contralesional limb movements. This is agreement with other studies reporting abnormal paw placement in ischemic animals, which intensified and affected both the left and right paws . In addition, significant differences between the Inhibitor and Control groups were detected in the "dual stance phase," representing the duration of contact for both paws with the walking surface (Fig. 7E, Table 1 ). Both initial and terminal dual stance durations of the contralesional right paw were similar between the Inhibitor and Intact groups, yet significantly different from the Controls (Fig. 7E) . As a component of walking velocity, this parameter is relevant for stroke recovery; duration of dual stance parameter is significantly increased in the rodent hemorrhagic stroke model . The functional recovery assessment data indicate that the inhibitor-injected animals regained their sensorimotor deficits faster than controls.
Weight gain assessment
Weight gain is considered as one of the characteristics of poststroke recovery (Cheng et al., 2014; Park et al., 2014) . Continuous weight monitoring of dMCAO animals revealed a characteristic weight drop during first 2 d after surgery, followed by the weight gain for subsequent 21 d. Importantly, the Inhibitor group gained the weight faster and reached the weight of the Intact group by 21 d after dMCAO. The average relative weight (normalized to the weight recorded on day 0 before surgery) of control animals at 21 d was significantly lower compared with both the Inhibitor and the Intact groups (Fig. 7F ) . Therefore, behavioral assessment and weight gain data show a good correlation between functional improvement and decreased infarct size in the anti-miR-155-injected animal group.
In summary, based on our results, we conclude that downregulation of miR-155 strengthens the barrier function of capil- C-E, Gait/locomotion analysis using the CatWalk test. Graphs demonstrate phase dispersion (C), print position (D), and the initial and terminal dual stance (E) parameters. Animals were tested once a week for 21 d. RF, Right front; RH, right hind; LF, left front; LH, left hind. Red indicates "anchor" paws. F, Animal weight gain after dMCAO. The body weight of each animal was monitored daily starting at day 0 (before dMCAO surgery) for 21 d after dMCAO. Data are shown as a percentage, demonstrating the weight of each animal per day relative to its weight at day 0 (the weight recorded before dMCAO surgery). n ϭ 11-12 mice per experimental group. Error bars indicate SD. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA followed by Sidak's multiple-comparisons test.
lary TJs, resulting in decreased vasogenic edema by the first week after the experimental stroke induction. This initial effect stabilizes cerebral vasculature and restores the blood flow in the periinfarct area of stroke. Both decreased edema and restored circulation have a neuroprotective outcome, preventing delayed neuronal death and brain tissue necrosis 21 d after dMCAO; in turn, preservation of the peri-infarct area in the inhibitorinjected animals is reflected in the improved functional recovery. Based on these studies, we determined the time points for the intervention and evaluation of both early postacute and long-lasting changes in the cerebral microvasculature, brain damage, and overall animal recovery. Based on our knowledge of the anti-inflammatory, anti-tumorigenic, and anti-atherosclerotic effects of miR-155 inhibition (Faraoni et al., 2009; O'Connell et al., 2010) , we predicted that the shortterm, moderate systemic downregulation of miR-155 achieved in our experiments could have an overall positive result and would not induce secondary nonspecific off-target effects or negative side effects such as impairment of immune function. Predicted beneficial effects on poststroke recovery were clearly verified by our evaluation of cerebral vasculature, infarct size, neuronal damage, and functional recovery. We propose that vascular support achieved by miR-155 inhibition at the early subacute stage of Figure 8 . Possible molecular mechanisms of miR-155 inhibition-mediated support of poststroke recovery. Downregulation of miR-155 strengthens the barrier function of microvascular TJs, resulting in stabilization of BBB integrity, reduction of brain edema, and restoration of blood flow in the peri-infarct area of stroke. These effects promote neuroprotection and prevent delayed neuronal death. Preservation of the peri-infarct area is reflected in improved functional recovery in Inhibitor animals. Possible molecular mechanisms mediating these processes could be associated with the increased (red) or decreased (blue) expression of molecules directly regulated by miR-155. the experimental stroke played a critical role in prevention of delayed neuronal loss in the peri-infarct area. Increased microvascular blood flow velocity, higher (similar to the nonlesioned hemisphere) density of the functional capillaries, and decreased vascular leakage (and thus more efficient blood supply to the brain tissue) detected in the inhibitorinjected animals could be mainly attributed to miR-155 inhibition-induced preservation of TJ and BBB integrity. Based on our EM studies showing the increased number of very small probably newly formed vasculature, we can only speculate that miR-155 inhibition could also promote the angiogenesis and/or vasculogenesis processes. Therefore, a separate, detailed investigation will be performed to obtain the definitive answer to this question.
Discussion
Effect of miR-155 on TJ integrity has been mainly associated with its direct targets: the TJ protein Claudin-1 and a regulator of TJ organization, RhoA. However, expression of Claudin-1 (both the mRNA and the protein) is extremely low and has no functional importance in mouse cerebral vasculature (Ohtsuki et al., 2008; Pfeiffer et al., 2011) . Neither PCR nor WB analysis performed in our studies showed any effect of miR-155 inhibition on Claudin-1 and Rho mRNA and protein expressions. Based on our data, preservation of TJs in Inhibitor animals could be mediated by miR-155 inhibition-induced stabilization of ZO-1, a regulatory scaffolding TJ protein critical for the TJ assembly and signal transduction in the ECs (Harhaj, Antonetti, 2004; Balda, Matter, 2009) . A negative regulation of ZO-1 expression by miR-155 has been demonstrated previously (Tian et al., 2013) ; however, its exact mechanism is unclear. Based on our analysis, we speculate that ZO-1 stability is mediated via a decrease of Akt activity and induced by miR-155 downregulation, which was also demonstrated by others (Yamanaka et al., 2009; Huang et al., 2012) . Our results indicate that Akt phosphorylation could be induced by the upregulation of a direct miR-155 target protein, Rheb, which can supress Akt phosphorylation via an S6K-insulin receptor substrate protein-Akt feedback loop (Di et al., 2012; Cao et al., 2013) . Therefore, miR-155 inhibition-induced stabilization of ZO-1 could be mediated via Rheb/Akt interaction. Interestingly, miR-155 is also a repressor of miR-143, which in turn is a negative regulator of Akt activity (Jordan et al., 2011; Jiang et al., 2012) . Although reduced Akt phosphorylation in the Inhibitor samples could be explained by Rheb upregulation or inter-miRNA interactions, the decrease in Akt protein expression remains elusive. Identification of new miR-155 target proteins and miRNAs in the future could clarify this effect.
In addition to Rheb, several other direct miR-155 targets upregulated in the inhibitor-injected mouse brain could significantly affect TJ integrity. Specifically, SMAD5 is implicated in the regulation of TJs: its inhibition results in disassembly of the apical junctional complex (Allaire et al., 2011) . eNOS and NO were shown to support microvascular integrity and prevent microvascular dysfunction caused by an increased leukocyte/endothelilal adhesion (Kubes et al., 1992; Predescu et al., 2005) . Literature reports and our own in vivo investigation suggest that, in addition to the specific effect on endothelial TJs, miR-155 inhibition after stroke could broadly influence vascular function and brain tissue remodeling. Possible mechanisms and consequences of this influence are summarized in Figure 8 . Our studies revealed that a number of important signaling molecules were upregulated and downregulated in the lesioned hemisphere of miR-155 inhibitorinjected animals. These molecules are implicated in the regulation of angiogenesis, vascular stabilization, and remodeling, as well as vasodilation, neurovascular inflammation, and neuroprotection; therefore, they could significantly contribute to the observed beneficial neurovascular effect of miR-155 inhibition (Fig.  8) . Elevated expression of SMAD5 protein, as well as upregulation of the Bmp4 gene, may be associated with activation of the BMP pathway, which is implicated in reduction of inflammation and vasculture stabilization (Marchuk et al., 2003; Pardali et al., 2010) . Increased expression of Rictor, a major component of the mTORC2 complex, could activate mTOR signaling, which is implicated in supporting angiogenesis (through activation of NO signaling) and neuroprotection after stroke (Karar et al., 2011; Chong et al., 2013) . Interestingly, our previous in vitro experiments showed that inhibition of miR-155 in the endothelial cells also resulted in alterations of mTOR and TGF␤ signaling (Roitbak et al., 2011) . NOS is associated with the improvement of blood flow and decreased rates of neuronal injury (Srivastava et al., 2012) . Neuroprotective and overall proregenerative effect of miR-155 inhibition may also be expected, given its positive influence on BDNF (brain-derived neurotrophic factor) expression (Varendi et al., 2014) . Because miR-155 is mainly restricted to hematopoietic cells and cells involved in vascular remodeling, we believe that the changes in gene and protein expression detected in our study reflect the effect of miR-155 inhibition on cerebral vasculature. The cytokine/chemokine alterations detected in the Inhibitor group demonstrate that inhibition of miR-155 could regulate poststroke inflammation processes. A detailed study on the effect of miR-155 inhibition on both early and chronic poststroke inflammation will be the subject of our future studies.
In summary, our investigation revealed that in vivo regulation of miR-155 positively influences overall postischemic recovery. This approach could be explored further as a potential treatment for stroke.
